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FOREWORD

The appearance of a new book on Geotechnical Engineering is always an important occasion; but the
appearance of the first book on an important aspect of Soil Mechanics is especially noteworthy. In this
volume, Professor Fredlund and Dr. Rahardjo present the first textbook solely concerned with the behavior
of unsaturated soils. The timing is particularly propitious.

It is evident that since much of the developed world enjoys a temperate climate, resulting in primarily
saturated soil conditions, the literature has been biased toward problems involving saturated soils. More-
over, the theoretical understandings and associated experimental procedures required for an understanding
of unsaturated soil behavior are intrinsically more complex than those required for saturated soil behavior.
As a result, the ability to synthesize unsaturated soil mechanics has lagged behind its saturated counterpart.
This has been to the detriment of both students and practitioners alike.

The climatic conditions that give rise to unsaturated soils can be found on every continent. Indeed, in
some countries, unsaturated soil conditions dominate. The engineering problems associated with unsatu-
rated soil mechanics extend over an enormous range. The requirements for design and construction of
low-cost lightly loaded housing on expansive soils have been with us for a long time. More financial
losses arise annually from damages due to unsaturated expansive soil behavior than from any other ground
failure hazard. At the other extreme, unsaturated soils are used as a buffer material in almost every pro-
posal for the underground storage of nuclear waste. Hence, the need to understand the mechanics of
unsaturated soil behavior extends from concerns for low cost housing to some of the most complex en-
vironmental issues of our time.

I expect that this volume will quickly become the classic reference in its field. It will not be possible
to teach, conduct research, or undertake modern design related to unsaturated soils without reference to
Fredlund and Rahardjo. The authors have wisely maintained the framework of classical soil mechanics
and sought to extend it in order to incorporate soil suction phenomena as an independent variable that is
amenable to measurement and calculation. This will greatly facilitate the use of this comprehensive vol-
ume and quickly result in a more profound understanding of unsaturated soil behavior.

The road to this volume has been a difficult one. Many early leaders of Soil Mechanics pointed in the
right direction, but it has taken more than thirty years of sustained effort to reach the end of the journey
marked by this publication. All those who participated in the voyage should share pleasure in the outcome.

N. R. MORGENSTERN
University Professor of Civil Engineering

University of Alberta
April 1993
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PREFACE

Numerous textbooks have been written on the subject of soil mechanics. The subject matter covered and
the order of presentation vary somewhat from text to text, but the main emphasis is always on the appli-
cation of the principles of soil mechanics to problems involving saturated soils.

A significant portion of the earth’s surface is subjected to arid and semi-arid climatic conditions, and
as a result, many of the soils encountered in engineering practice are unsaturated. This textbook addresses
the subject of soil mechanics as it relates to the behavior of unsaturated soils. More specifically, the text
addresses that class of problems where the soils have a matric suction or where the pore-water pressure
is negative.

Whether the soil is unsaturated or saturated, it is the negative pore-water pressure that gives rise to this
unique class of soil mechanics problems. When the pore-water pressure is negative, it is advantageous,
and generally necessary, to use two independent stress state variables to describe the behavior of the soil.
This is in constrast to saturated soil mechanics problems where it is possible to relate the behavior of the
soil to one stress state variable, namely, the effective stress variable.

The terms saturated soil mechanics and unsaturated soil mechanics are primarily used to designate
conditions where the pore-water pressures are positive and negative, respectively. Soils situated above
the groundwater table have negative pore-water pressures. The engineering problems involved may range
from the expansion of a swelling clay to the loss of shear strength in a slope. Microclimatic conditions in
an area produce a surface flux boundary condition which produces flow through the upper portion of the
soil profile.

It would appear that most problems addressed in saturated soil mechanics have a counter problem of
interest in unsaturated soils. In addition, the remolding and compacting of soils is an important part of
many engineering projects. Compacted soils have negative pore-water pressures. The range of subjects
of interest involving negative pore—water pressures are vast, and the problems are becoming of increasing
relevance, particularly in arid regions.

An attempt has been made to write this textbook in an introductory manner. However, the subject matter
is inherently complex. The need for such a book is clearly demonstrated by engineering needs associated
with various projects around the world. The frustrations are expressed primarily by engineers who have
received advanced training in conventional soil mechanics, only to discover difficult problems in practice
involving unsaturated soils for which their knowledge is limited.

The textbook makes no attempt to redevelop concepts well known to saturated soil mechanics. Rather,
the book is designed to be an extension of classical saturated soil mechanics. As far as is possible, the
principles and concepts for unsaturated soils are developed as extensions of the principles and concepts
for saturated soils. In this way, the reader should be able to readily grasp the formulations required for
unsaturated soil mechanics.

The general format for the textbook is similar to that used in most classical soil mechanics textbooks.
The book starts by introducing the breadth of unsaturated soil mechanics problems. It then presents ma-
terial related to the: 1) volume-mass properties, 2) stress state variables, 3) flow behavior, and 4) pore
pressure parameters for unsaturated soils. The book then goes on to present material on the: 5) shear
strength and 6) volume change behavior of unsaturated soils. The latter part of the book concludes with
material on the transient processes of interest to geotechnical engineering.
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X PREFACE

A brief summary of the chapters of the textbook is as follows. Chapter 1 presents a brief history of
developments related to the behavior of unsaturated soils. The need for an understanding of unsaturated
soil mechanics is presented, along with the scope and description of common geotechnical problems. The
nature of an unsaturated soil element is described, concentrating on the difference between a saturated and
an unsaturated soil. Chapter 2 presents the phase properties and the volume-mass relations of interest to
unsaturated soils. This chapter provides some overlap with classical soil mechanics, but emphasizes ex-
tensions to the theory. The steps involved in all derivations are described in detail in order to assist the
reader in this relatively new field.

Chapter 3 is devoted to describing the stress state variables of relevance in solving engineering problems
associated with soils having negative pore-water pressures. The concept of the stress state is presented in
detail because of its extreme importance in understanding the formulations presented later in the textbook.
One needs only to examine the importance of the role of the effective stress concept in the development
of saturated soil mechanics to realize the importance of an acceptable description of the stress state for
unsaturated soils. The authors believe that a thorough understanding of the stress state provides the basis
for developing a transferable science for unsaturated soil mechanics.

A knowledge of the stress state reveals that the measurement of the pore-water pressure is mandatory.
The measurement of highly negative pore-water pressures and soil suction is difficult. Chapter 4 sum-
marizes techniques and devices that have been developed and used to measure negative pore-water pres-
sures and soil suction.

There are three fundamental soil properties that are commonly associated with soil mechanics problems.
The properties are: 1) coefficient of permeability, 2) shear strength parameters, and 3) volume change
coefficients. These properties are covered in the next nine chapters. Each of the properties is addressed
from three standpoints. First, the theory related to the soil property is presented. Second, the measurement
of pertinent soil properties is discussed, along with the presentation of typical values. Third, the appli-
cation of the soil properties to specific soil mechanics problems is formulated and discussed. The logistics
of these chapters is as follows:

Chapters Presenting the Following Material

Soil Property Theory Measurement Application
Permeability 5 6 7
Shear Strength 9 10 11
Volume Change 12 13 14

Descriptions of the equipment required for the measurement of the soil properties are presented under
each of the *“Measurement’’ chapters. The main application problems presented pertaining to permeability
are two-dimensional, earth dam seepage analyses. For shear strength, the applications are lateral earth
pressure, bearing capacity, and slope stability problems, with most emphasis on the latter. The primary
volume change problem is the prediction of the heave of light structures.

Chapter 8 presents the theory and typical test results associated with pore pressure parameters. Its
location in the text is dictated by its importance in discussing undrained loading and the shear strength of
soils.

The theory of consolidation, as well as unsteady-state flow analysis, require the combining of the vol-
ume change characteristics of a soil with its permeability characteristics. These analyses have formed an
integral part of saturated soil mechanics and greatly assist the engineer in understanding soil behavior.
Chapter 15 deals with the one-dimensional theory of consolidation, while Chapter 16 presents two- and
three-dimensional, unsteady-state flow for unsaturated soils. The theory related to surface flux boundary
conditions, as it relates to microclimatic conditions, is briefly presented in Chapter 16.

There is a great need for case histories to illustrate and substantiate the theories related to unsaturated
soil behavior. One of the main objectives of this book is to synthesize the available research information
and solidify an unsaturated soil theoretical context in order to form a basis for future studies in the form
of case histories.
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